E. coli DNA topoisomerase I catalyzes DNA topoisomerization by transiently breaking and rejoining single DNA strands (1). When an enzyme-DNA incubation mixture is treated with alkaline or detergent, DNA strand cleavage occurs, and the enzyme becomes covalently linked to the 5'-phosphoryl end of the cleaved DNA (2). Using oligonucleotides of defined length and sequence composition, this cleavage reaction is utilized to study the mechanism of E. coli DNA topoisomerase I. dA7 is the shortest oligonucleotiUe tested that can be cleaved by the enzyme. dT8 is the shortest oligo(dT) that can be cleaved. The site of cleavage in both cases is four nucleotides from the 3' end of the oligonucleotide. No cleavage can be observed for oligo (dC) and oligo(dG) of length up to eleven bases long. dC15 and dC16 are cleaved at one tenth or less the efficiency of 0 igo(dA) and oligo(dT) of comparable length. © I R L Press Limited, Oxford, England.
INTRODUCTION
DNA topoisomerases are enzymes that catalyze the interconversion of different DNA topological forms, or topoisomers, via a concerted breaking and rejoining of the DNA backbone phosphodiester bonds (reviewed in reference 3). The first DNA topoisomerase isolated was the omega protein from E. coli (4) , now being referred to as E. coli DNA topoisomerase I. It represents the type I DNA topoisomerases, so called because they catalyze the topoisomerization reactions by breaking and rejoining one DNA strand at a time (5) .
All type I DNA topoisomerases require no energy cofactors for the reactions catalyzed. Thus, the energy in the DNA backbone phosphodiester bond being broken must be conserved in some manner so that it can be available for the rejoining of the DNA backbone. It has been postulated (4) that the breakage of a DNA backbone bond is accompanied by the formation of a covalent linkage between the enzyme and DNA. In fact, DNA topoisomerases can form covalent complexes with DNA while inducing DNA cleavage at the site of covalent linkage (2, (6) (7) (8) . For prokaryotic DNA topoisomerases, alkaline, detergent, or other protein denaturant is required for the formation of such covalent complexes probably because the breaking and rejoining of DNA backbone is catalyzed in a concerted fashion. For eukaryotic type I DNA topoisomerases, cleavage of DNA and covalent complex formation occur spontaneously when the enzyme is bound to single-stranded DNA (9) . Furthermore, for the type I DNA topoisomerases from rat liver and Hela cells, DNA backbone phosphodiester bonds can be reformed from the covalent protein-DNA complex (10, 11) . The linkage is an 04-phosphotyrosine bond in all the prokaryotic and eukaryotic topoisomerases examined (12, 13) . Thus, it has been generally accepted that the covalent complex formation represents an intermediate step of DNA topoisomerization.
In the work described here,, the formation of covalent complexes between E. coli DNA topoisomerase I and oligonucleotides is utilized to elucidate the mechanism of the enzyme. The extent and site of phosphodiester bond cleavage on the oligonucleotides are followed by using 32P 5'-end labeled oligonucleotides. The protein becomes covalently linked to the 5'-phosphoryl end of the break generated, and a shortened 5'-end labeled fragment with a free 3'-hydroxyl end is formed (2) . By using oligonucleotides of defined length and sequence composition, we define the minimal substrate size required for this intermediary step of catalytic activity and observe some effect of sequence composition on its efficiency.
MATERIALS AND METHODS Enzymes
E. coli DNA topoisomerase I was a generous gift of Prof. James C. Wang of Harvard University. It was from a homogeneous preparation prepared as described (2) . T4 polynucleotide kinase was purchased from Bethesda Research Laboratory. Terminal transferase was purchased from P-L Biochemicals. Oligonucleotides Oligonucleotides dTg, dT15, dC15, and dC16 were synthesized by the phosphotriester approach (14) . The other oligonucleotides used were purchased from P-L Biochemicals and Collaborative Research.
5'-End Labeling of Oligonucleotides
Oligonucleotides were labeled on the 5'-end in 20 p1 of 50 mM Tris-HCl (pH 7.6), 10 mM MgC12, 50 mM dithiothreitol, 1 mM spermidine, 1 mM Na3EDTA, 100 pg/ml gelatin, 0.2 mg/ml oligonucleotides. 50 pCi of y-32P-ATP (3000 Ci/mmole from Amersham) and 10 units of T4 polynucleotide kinase were added. Incubation was at 37°C for 30 minutes. Purification of Labeled Oligonucleotides Some of the oligonucleotides were non-homogeneous and had to be isolated in purity by gel electrophoresis. After the 5'-end labeling reaction, the kinase was inactivated by heating at 70°C for 15 minutes. 5 p1 of 50 mM Na3EDTA, 50% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol was added to each sample before loading. Electrophoresis was in a 20% polyacrylamide gel (19:1 w/v acrylamide:bis) with 90 mM Tris-borate (pH 8.3), 1 mM Na3EDTA buffer. After autoradiography, gel bands containing individual species of oligonucleotides were excised, diced, and soaked overnight at 370C in 0.5 M ammonium acetate, 1 mM Na3EDTA. The solution containing the oligonucleotide was then dialyzed against 10 mM Tris-HCl (pH 8.0), 0.1 mM Na3EDTA.
Cleavage of Oligonucleotides by Topoisomerase
The incubation mixture of 10 p1 contained 10 mM Tris-HC1 (pH 8.0), 0.1 mM Na3EDTA, 25 mM NaCl, 100 pg/ml gelatin, between io6 to 10 5 M 5'-end labeled oligonucleotides and 10 5 M E. coli DNA topoisomerase I unless otherwise stated. After one hour incubation at 370C, 1 p1 of 1 M NaOH was added, and the incubation was continued for one more minute. 20 p1 of loading solution containing 80% (v/v) formamide, 10 mM NaOH, 1 mM Na3EDTA, 0.1% bromophenol blue, and 0.1% xylene cyanol was added. Samples were analyzed in a 20% polyacrylamide gel (19:1 w/v acrylamide:bis) containing 8.3 M urea, 90 mM Tris-borate (pH 8.3), 1 mM Na3EDTA. The dimensions of the gel were 25 cm in length and 16 cm in width. Electrophoresis was carried out until bromophenol blue was between one-third and half-way down.
Autoradiogram was then obtained from the gel. 5'-end labeled dA3, dA4, dT4, dT5, dC4, and dG4 along with unreacted oligonucleotides listed in Table 1 as substrates were used as molecular. weight standards. Oligonucleotides incubated without topoisomerase were used as control. RESULTS 
Stoichiometric Cleavage of Oligo(dA) and Oligo(dT)
As summarized in Table 1 and shown in Figure 1 , the smallest oligo(dA) than can be cleaved by E. coli DNA topoisomerase I was dA7. The shortened 5'-end labeled product was dA3. For oligo(dT), as shown in Figure 2 , dT8 was the smallest of the group that became cleaved. The 5'-end labeled product was dT4. The common feature here is that the cleavage site is four nucleotides from the 3'-end of the molecule. As the size of the oligonucleotide increased, the cleavage sites a b C d e ,N 4004 4W consisted of a distribution centered approximately around the middle of the fragment, slightly favoring more nucleotides being on the 3' side of the cleavage site. For example, from dT9, 5'-end labeled dT4 was formed in greater amount than dT5.
The segment of DNA 3' to the cleavage site ends up covalently linked to the enzyme so protein-DNA interaction probably is more prominent on that side. As the size of the oligonucleotide further increased, different sets of cleavage products could be formed depending on the enzyme:oligonucleotide molar ratio (See Table 1 ). When the oligonucleotide concentration was several times that of the enzyme, shortened 5'-end labeled fragments corresponding to cleavage sites centered around the middle of the fragment were obtained. The cleavage sites extended to five nucleotides away from each end. When the enzyme concentration was more than twice that of the oligonucleotide, only 5'-end labeled cleavage products of up to 7 or 8 bases long could be observed ( Figure  3 ).
Cleavage of Oligonucleotides Can Occur Spontaneously
Two explanations are possible for the absence of 5'-end labeled cleavage products longer than 8 bases when the enzyme was in excess. First, there could be two or more enzyme molecules bound per oligonucleotide, resulting in cleavage at multiple sites when alkaline was added. Secondly, the cleavage could occur spontaneously during incubation before the addition of alkaline. 5'-end labeled cleavage products longer than the minimal required size were then further cleaved by the unreacted enzymes.
The following experiments were performed to distinguish these possibilities. In the first experiment, topoisomerase and dT15 were incubated in molar ratio of 3:1 for 30 minutes. Then the oligonucleotide concentration was increased ten-fold by the addition of unlabeled dT15. Incubation was continued for another 30 minutes. The 5'-end labeled cleavage products thus obtained consisted of dT4-dT8, rather than the dT5-dT1o obtained when excess unlabeled oligonucleotide was present at the beginning of the incubation. A similar result was obtained for dA16. Thus, unless the binding between the topoisomerase and oligonucleotides was so tight that re-equilibrium is impossible, the results favored the second model of spontaneous cleavage. This is further confirmed by the second experiment. It is known that the combination of high salt concentration and magnesium ions will dissociate non-covalent complex between single-stranded DNA and E. coli DNA topoisomerase I, even in the presence of excess Na3EDTA (15) . dT20 was incubated with E. coli DNA topoisomerase I in 10 p1 as described in Methods. Then instead of alkaline, 40 p1 of 5 M NaCl and 2 p1 of 0.5 M Na3EDTA were added. After incubation at 37°C for one minute, 1 p1 of 1 M MgC12 was added. Incubation was continued for one more minute. The above conditions should dissociate non-covalent protein-DNA complex. 50 p1 of phenol was then used to extract the enzyme. 2.5 p1 of the aqueous phase was removed, mixed with 20 p1 of loading solution, and analyzed by gel electrophoresis. The autoradiogram showed the same 5'-end labeled cleavage products present as when alkaline was added to the incubation mixture. Therefore, cleavage of dT20 occurred before the addition of alkaline. A similar result was obtained with dA8.
In the third experiment, 0.1 pg of unlabeled dT15 was incubated with 1 pg o'f topoisomerase for 1 hr. a-32P-cordycepin 5'-triphosphate, terminal transferase and lOx terminal transferase buffer (according to P-L) were added and incubated further for 1 hr. When an aliquot of the reaction mixture was examined by gel electrophoresis and autoradiography, labeled fragments ranging in size from dT4 to dT8 could be observed. No unreacted dT15 could be observed. In the control sample without topoisomerase, unreacted dT15 was labeled. When dT7 was used in the experiment as substrate, only the starting material was labeled after incubation in accordance with the inefficiency of cleavage of dT7. This demonstrated that free 3'-OH ends at the cleavage points became available to the terminal transferase spontaneously during incubation without denaturation of the topoisomerase. Covalent Linkage of Oligonucleotide to Topoisomerase Accompanies Cleavage When the proteins in the dT15 reaction mixture described above were precipitated after terminal transferase reaction by trichloroacetic acid and analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis, a 32P-labeled protein band with approximately the same electrophoretic mobility as E. coli DNA topoisomerase I can be observed by autoradiography. The protein band was not observed in the absence of topoisomerase (data not shown). This confirmed the formation of covalent complex between topoisomerase and oligonucleotide. The protein was labeled due to the original 3'-OH end on the oligonucleotide covalently attached to it after the cleavage reaction. Cleavage of Oligo(dC) and Oligo(dG) Occurred Much Less Readily When oligo(dC) and oligo(dG) of length up to 11 bases long were incubated with E. coli DNA topoisomerase I under the standard conditions, no 5'-end labeled cleavage products could be observed in the autoradiogram even after overexposure. With dC15 and dC16 as substrates, about 90% of the starting material was unaffected (Figure 4 ). 5'-end labeled products expected from cleavage by the enzyme once could be observed (shown in Table 1 ). Under the same conditions, dA16 and dT15 were completely cleaved, sometimes twice. Therefore, cleavage due to formation of covalent complex between oligo(dC), oligo(dG), and E. coli DNA topoisomerase I occurred much less readily than oligo(dA) and oligo(dT). (16) (17) (18) , "footprinting" protection experiment against nuclease and dimethyl sulfate has not been reported for type I DNA topoisomerase-DNA complexes. Therefore, other than the fact that a tyrosine residue is involved in the breaking and rejoining of DNA backbone, little is known about the mode of DNA binding and mechanism of type I DNA topoisomerases. The work described here probed at those aspects using oligonucleotides as substrate for E. coli DNA topoisomerase I.
The enzyme-DNA covalent complex could be formed from dA7 and dT8, resulting in cleavage, but not with dA6 and dT7. That gives approximately the minimal size of oligonucleotides required for the DNA backbone breaking step of the catalytic process to occur. Unlike single-stranded DNA molecules, the cleavage of these oligonucleotides could occur spontaneously. This is probably due to their small sizes. Additional DNA segments may have to interact with regions of the enzyme away from the nicking-closing site to hold the DNA in place for nicking and closing to occur concertedly.
Longer pieces of oligo(dC) and oligo(dG) were required for significant cleavage to occur. When cleavage was observed with dC15 and dC16, the extent was much less than that of dA16 and dT15 under similar conditions over the same period of time. Previous work has been done on the determination of cleavage sites of E. coli DNA topoisomerase I on several single-stranded restriction fragments (12) . No nucleotide specificity could be observed there. However, no cleavage was observed in a stretch of fifteen dC found in one of the restriction fragments, in agreement with the inefficiency of cleavage of oligo(dC) by E. coli DNA topoisomerase I. Furthermore, the reaction conditions were such that one cleavage on the restriction fragment occurred approximately every hundred base of DNA. The different regions of the restriction fragment had to compete for enzyme binding before cleavage was induced by addition of alkaline. Secondary structure of the DNA might play a role in the initial non-covalent binding. With oligonucleotides of defined sequence, only the rate of oligonucleotide cleavage due to the formation of covalent protein-DNA linkage was being compared since there was no competition in binding. Therefore, the sequence specificity observed here may actually reflect the different rates at which the nicking step in topoisomerization can occur. Although oligo(dC) and oligo(dG) are not readily cleaved by the enzyme, they can compete efficiently with oligo(dT) for enzyme binding as indicated by the inhibition of cleavage of dT10 by dC10 and dG10 (data not shown).
This approach of using oligonucleotides as substrates can be applied to study other type I DNA topoisomerases. The eukaryotic type I DNA topoisomerases are covalently linked to the 3'-phosphoryl end of the cleavage site instead of the 5'-phosphoryl end (19) (20) (21) . A free 5'-hydroxyl end can be detected without denaturation of the enzyme (10, 11) . Therefore, the different mode of DNA binding may manifest in different size of oligonucleotide required for cleavage and preference in sequence composition when compared to E. coli DNA topoisomerase I.
